Tak volcanic rocks, found in the southern part of the Chiang Khong-Lampang-Tak volcanic belt in northern Thailand, provide important evidence of the tectonic evolution of the Palaeotethys ocean. Petrographically and geochemically, the volcanic rocks selected for this study are made up of rhyolite, rhyodacite, andesite porphyry, and basalt. Based on field investigations, these rocks are also associated with other igneous rocks including granite, granodiorite, tuff, gabbro, and cumulus gabbro. The chemical data acquired from X-ray fluorescence, inductively coupled plasma atomic emission spectroscopy, and inductively coupled plasma mass spectrometry methods suggest that the studied rocks from the eruption can be separated into eight magmatic groups and four tectonic settings. The tectonic setting of the southern location of Chiang Khong-Lampang-Tak volcanic rocks consists of (1) an active continental margin (Groups V and VII), (2) a back-arc basin (Group VI), (3) post-collision (Groups II and III), and (4) continental rifting (Groups I, IV, and VIII).
INTRODUCTION
The geology of northern Thailand is very irregular, diverse, and obscure. Even though tectonic models which may explain the geological history of this region have been proposed for decades, this idea is still controversial. It is widely accepted that Thailand was an amalgamation of at least two ancient terranes, Shan-Thai and Indochina 1 . The Shan-Thai Terrane, also known as the Sibumasu Terrane, extends from Sino (China) to Sumatra via west Thailand, Burma, and Malaysia. The Indochina and the Sibumasu Terranes were believed to have originated on the Gondwana Supercontinent in the Devonian and the late Early Permian, respectively 2, 3 . The Palaeo-Tethys separated these two cratons during the Palaeozoic, followed by the Late Triassic-Early Jurassic convergence 1, 4 .
Many researchers have proposed the existence of a new terrane (Sukhothai terrane or Sukhothai Arc) between the Sibumasu and Indochina [4] [5] [6] . They suggested that the tectonostratigraphy of Sukhothai Terrane differs from those of the Sibumasu and Indochina Terranes.
The pre-Cretaceous felsic to mafic volcanic/hypabyssal rocks in the upper part of Thailand may be separated into four belts 7 from west to east as follows: (1) the Chiang Rai-Chiang Mai volcanic belt, considered part of the Nan-Uttaradit volcanic belt in the north, separated by the Mae Ping fault 6 .
A number of volcanic rocks in Tak province, northern Thailand and the periphery are located in the southern part of the Chiang Khong-Lampang-Tak volcanic belt. These volcanic rocks are traditionally mapped as part of many ages including the Permo-Triassic, Late Triassic, and Early Jurassic 8 . However, the geochemistry of these rocks has not been completely reported. This study focuses on the volcanic rocks in this area with geochemical and petrographic interpretations as well as magmatic grouping. Furthermore, research certainly has an impact on the geology, including the tectonic setting of this volcanic province and the tectonic evolution of Thailand.
Geological setting
The studied area consists of the provinces of Lampang (Mae Phrik and Thoen districts), Sukhothai (Thung Saliam and Ban Dan Lan Hoi districts), Tak (Ban Tak, Meuang Tak, and Wang Chao districts), and Kamphaeng Phet (Phran Kratai district).
The reported geology of this area is based on recent field observations and previous work. According to previous fieldwork 8 , there are 11 rock units of metamorphic and sedimentary rocks as well as sediments.
These include: (1) Precambrian metamorphic rocks: orthogneiss, paragneiss, amphibolite schist, quartzmica schist, quartz-kyanite schist, sillimanitemica schist, quartzite, marble, calc-silicate rock, migmatite, and pegmatite; (2) Silurian-Devonian metamorphic rocks; (3) Carboniferous sedimentary and metamorphic rocks; (4) Carboniferous-Permian sedimentary rocks; (5) Lower Permian sedimentary rocks; (6) Middle Permian sedimentary rocks; (7) Triassic sedimentary rocks; (8) Middle Triassic sedimentary rocks; (9) Middle-Upper Triassic sedimentary rocks; (10) Quaternary terrace deposits: gravel, sand, silt, clay, and laterite; and, (11) Quaternary fluvial deposits: gravel, sand, silt, and clay of channels, river banks, and flood basins. The volcanic rocks explored in the current research project have been divided into three igneous rock units as shown on the geological map in Fig. 2 . Intrusive igneous rocks distributed in the study area include Triassic granite and mainly consist of biotite granitic rocks with subordinate hornblende granitic rocks and a small amount of pegmatite and aplite. These granitic rocks are grouped in the eastern granite belt of Thailand 9 . A wide range of chemical compositions have been found in the eastern granite belt and classified as an extended series of calcalkaline. These granites formed in an age from 213-256 Ma 9 . Volcanic rocks extend from the north to the south of the study area. They are texturally classified as crystal and lithic ash tuff to agglomerate and volcanic rocks. Petrographically, the rocks are composed of rhyolite, andesite, andesite porphyry, andesitic basalt, rhyolitic tuff, and andesitic tuff. Some subvolcanic rock/shallow intrusive masses intruded the Triassic granite rocks and they are believed to have formed after the upper Triassiclower Jurassic 9 .
MATERIALS AND METHODS
The method of this study included a field investigation, a petrographic study, and a chemical analysis of least-altered rock samples. The tectonic setting of the eruption of these rocks could be interpreted based on their petrochemistry.
Standard thin sections and powders from the selected samples, as well as loss on ignition (LOI), trace elements, and major oxides analyses, were prepared and studied at the Department of Geological Sciences, Faculty of Science, Chiang Mai University.
A total of 30 representative samples were carefully evaluated under a polarizing microscope to avoid alteration. These least-altered samples were prepared by making powder samples from finely selected rock chips.
Chemical analyses of major oxides (SiO 2 , TiO 2 , Al 2 O 3 , Fe total as Fe 2 O 3 , MnO, MgO, CaO, Na 2 O, K 2 O, and P 2 O 5 ) and trace elements (Rb, Sr, Zr, Y, Nb, Ni, Cr, V, and Sc) were analysed by a Phillip-MagixPro PW 2400 Wavelength Dispersive X-Ray Fluorescence spectrometer. The instrumental parameters consisted of a Rhodium tube with a LiF 200 crystal (used in an elemental range of K-Ru), scintillation and flow proportion detectors, and an X-ray tube operated at 60 kV with a current of up to 125 mA at a maximum power level of 4 kW. The net (background corrected) intensities were subsequently measured and calculated against calibrations derived from seven international standard reference materials (AGV-2, BCR-2, BHVO-2, BIR-1, DNC-1, GSP-2, and W-2). The SUPER Q 3.0 program was applied using inter-elements matrix corrections. The reporting detection limit was about 0.001% for major oxides and 3 ppm for trace elements. The accuracy and precision of most of the elements were better than 5%. A major oxides analysis was conducted from fusion disc samples.
LOI was analysed by heating a platinum crucible containing a 1.0 g sample in a furnace at 1000°C for 12 h at the Department of Geological Sciences, Chiang Mai University. The 16 least-altered samples were selected for their low levels of trace elements (Hf, Th, and Ta) and rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb) and were analysed using a Sodium Peroxide Fusion combined inductively coupled plasma atomic emission spectroscopy and inductively coupled plasma mass spectrometry at the SGS-CSTC Standards Technical Services Co., Ltd., China.
RESULTS

Petrography
The features, alterations, and mineral compositions suggested that the studied rocks could be defined as rhyolite, rhyodacite, andesite, basalt, gabbro, and cumulus gabbro.
Rhyolitic and rhyodacite outcrops were found in gullies along road-cuts and as in situ float rocks. Their textures were porphyritic to slightly porphyritic and fine to very fine-grained ( Fig. S1(ab) ). The phenocrysts/microphenocrysts were largely made up of quartz and plagioclase, with small amounts of alkali feldspar and opaque minerals 10 . The groundmass phase of rhyolite was comprised of quartz-alkali feldspar intergrowths (granophyric and spherulitic) with small amounts of quartz, alkali feldspar, muscovite, and opaque minerals. This rhyolite was associated with rhyolitic welded tuff.
In addition, the groundmass phase of rhyodacite was mainly composed of quartz-alkali feldspar devitrification with small amounts of quartz, alkali feldspar and chlorite. Andesitic outcrops were observed in road-cut outcrops and in situ rocks. The andesite showed porphyritic and very finegrained textures ( Fig. S1(c) ). Furthermore, the phenocrysts/microphenocrysts were comprised of plagioclase with small amounts of unidentified mafic minerals, clinopyroxene, and opaque minerals. The phenocrysts/microphenocrysts formed glomerocrysts and cumulocrysts 11 . The groundmass phase was mainly composed of plagioclase, with small amounts of unidentified mafic minerals, opaque minerals, and apatite.
Basaltic outcrops were found in a feldspar mine, at the chill margin of the dike, and presented as in situ rocks outside. They showed a slightly porphyritic texture, and the phenocrysts/microphenocrysts were largely comprised of plagioclase with a small amount of unidentified mafic minerals ( Fig. S1(d) ). The groundmass phase mainly consisted of plagioclase, with small amounts of unidentified mafic and opaque minerals.
Plagioclase and clinopyroxene in the groundmass phase were ophitic/subophitic intergrowth.
Gabbroic rocks were found in small hills as in situ float rocks and showed a fine to mediumgrained texture ( Fig. 3 ). They were largely composed of plagioclase and clinopyroxene, with subordinate unidentified mafic and opaque minerals (magnetite). Plagioclase and clinopyroxene in the groundmass phase were ophitic/subophitic intergrowth.
The cumulus gabbro was equigranular and showed a cumulus texture ( Fig. 3 ). The cumulus crystals were mainly made up of plagioclase with subordinate clinopyroxene and unidentified mafic minerals and a small amount of apatite. The intercumulus crystals comprised hornblende and opaque minerals (magnetite). Patches of calcite, chlorite, epidotes, and clay minerals occasionally replaced some minerals in these rocks. Table S1 shows the analytical results for major oxides, trace elements, REE, Ta, and Hf analysis of the studied volcanic and associated samples. As the representative volcanic and associated rocks contained different quantities of trace elements (shown in REE patterns, multielement pattern, and variation diagrams), they could be separated into eight magmatic groups (Fig. 2 ). Petrographic analyses showed that the studied rock samples experienced alteration. The alteration types were studied using an alteration index diagram 12, 13 ( Fig. 4a ). Group I and II rocks were strongly altered ([K+Na+2Ca]/Al < 1), and the others were slightly altered; however, major oxides in these samples were mobile. Accordingly, immobile elements were selected for the chemical interpretation in this study.
Geochemistry and magmatic affinity
The studied rock samples were located within the fields of rhyolite, rhyodacite/dacite, andesite, andesite/basalt, subalkaline basalt, and alkali basalt in the Zr/TiO 2 versus Nb/Y diagram 14 (Fig. 4b) .
The Group I rocks (BTK25/1-1, BTK25/1-2, and BTK 25/7), Group II rocks (BTK 25/8-1 and BTK 25/8-3), and Group III rocks (MSL25/1-1) were all distributed in the northern part of the study area. The Group I rocks were made up of rhyodacite. Group II rocks, composed of basalt, were in the Mae Phrik area and cut along a Triassic granitic intrusion. The Group III rocks consisted of rhyolite. The Group IV rocks (PDNG30/4, WL29/1-1, WL29/1-2, WL29/1-3, WL29/2-1, and WPC26/4) were generally located in the central part of the study area. They included basalt porphyry, cumulus gabbro, and andesite porphyry. The Group V rocks (WL29/2-2, WCH28/4, and WCH28/8-1) were distributed in the central and southern parts of the study area, and included gabbro, andesite, and basalt. Group VI rocks (WL29/3 and WCH26/4), distributed in the central and southern parts of the study area, were comprised of gabbro and rhyolite. The Group VII rocks (WPC26/7, WPC26/10, WPC26/11, WPC26/12, WPC27/2, and WPC27/3) were distributed in the central parts of the study area and were made up of andesite porphyry. Lastly, the Group VIII rocks (WPC26/3-1, WCH26/2-1, WCH26/2-2, WCH26/3-1, WCH26/3-2, WCH26/5, and WCH27/5-2) were distributed in the central and southern parts of the study area and composed of rhyolite.
Tectonic discrimination
Almost of the rhyolite and rhyodacite studied (Groups I, III, and VIII), except for WPC26/3-1, are presented in a within-plate granite field 10 in both Y-Nb (Fig. 5a ) 15 and (Y+Nb)-Rb ( Fig. 5b ) 15 . WPC26/3-1 emerged in the Y-Nb diagram to be an orogeny granite field 10 . Field data potentially supported and advocated the occurrence of chill margins of granite intrusives.
The Group II rocks are plotted in the fields of a volcanic arc and a within-plate basalt in the Ti-Zr ( Fig. 6a ) 16 diagrams.
The Group IV rocks mostly emerged in the fields of a volcanic arc as shown in the following diagrams. Ti-Zr ( Fig. 6) Ti-Y ( Fig. 7b ) 17 and Ti-Sr-Zr ( Fig. 7c ) 19 diagrams.
The Group V rocks are primarily presented in fields of within-plate basalt as demonstrated in Ti-Zr ( Fig. 6a ) 16 , Zr-Nb-Y ( Fig. 7a ) 18 , and Zr-Ti-Y ( Fig. 7b ) 17 diagrams. However, these rocks are shown in a calc-alkalic basalt field, as evidenced in the diagram plots of Ti-Zr ( Fig. 6b ) 17 , Zr-Ti-Y (Fig. 7b ) 17 and Ti-Sr-Zr ( Fig. 7c ) 19 , and the volcanic arcs in Ti-Zr (Fig. 6a ) 16 and Zr-Nb-Y ( Fig. 7a ) 18 . There could well be ocean floor in the plot of Ti-Sr-Zr ( Fig. 7c ) 19 diagram.
Group VI rocks are largely distributed around the boundary of mid-oceanic ridge basalt as shown in the following diagrams. Ti-Zr ( Fig. 6a) 16 , Zr-Nb-Y ( Fig. 7a ) 18 , and Zr-Ti-Y ( Fig. 7b ) 17 . Volcanic arcs emerge in the Zr-Nb-Y ( Fig. 7a ) 18 , Zr-Ti-Y ( Fig. 7b ) 17 , and Ti-Sr-Zr ( Fig. 7c ) 19 diagrams and calc-alkalic basalt is shown in the Zr-Ti-Y ( Fig. 7b ) 17 diagram.
Group VII rocks, generally located in the fields of volcanic arc11, appear in the Ti-Zr (Fig. 6a ) 16 and Zr-Nb-Y ( Fig. 7a ) 18 diagrams. While these rocks are shown in a calc-alkalic basalt field, as evidenced in the plotting of Ti-Zr ( Fig. 6b ) 17 , Zr-Ti-Y ( Fig. 7b ) 17 , and Ti-Sr-Zr ( Fig. 7c) 19 diagrams, mid-oceanic ridge basalt, and within-plate basalt are presented in the Zr-Nb-Y ( Fig. 7a ) 18 diagram.
Modern analogue
Similarities appeared when comparing rare earth elements (REE) and immobile trace elements in the studied samples with modern magmatic rocks that clarified when forming in a tectonic setting. The chemical comparisons specifically focused on REE-patterns 20 and on N-MORB normalized multielement patterns 21 . The chemical composition of igneous rocks, especially rare earth elements and immobile incompatible elements, within each tec-tonic setting were found to be different and specific.
The Group I rocks were typical examples of mildly calc-alkaline series REE patterns. The chemical compositions of some Group I rocks were very similar to Miocene intra-plate rhyolites from Jabal Shama, Saudi Arabia 22 , which had been formed within a plate on the rifting stage in the western portion of the Arabian shield ( Fig. 8 ). This finding is consistent with results of previous tectonic discrimination diagrams associated with within-plate settings.
Chemically, the Group II rocks were typical of alkaline series REE patterns. The chemical composition of representative Group II rocks were comparable to the Miocene basaltic dike from Miocene magmatism in Tibet 23 , which had been formed postcollision between India and the Eurasia plates in the northern Himalayan orogeny and cross cut into granitic rocks (Fig. 8 ). This analysis does not correspond to results from previous tectonic discrimination diagrams, which were done outside of the field of post-collision setting. However, a post-collision setting is most appropriate for both volcanic arcs and within-plate settings.
Group III rhyolites were typical examples of calc-alkaline series REE patterns. The chemical composition of these representative Group III rocks was very similar to that of the Miocene rhyolite porphyry from Miocene magmatism at Yaguila, Tibet 23 , which had been formed post-collision between India and the Eurasia plates in the northern Himalayan orogeny (Fig. 8 ). Although there was not a postcollision field in the previous discrimination diagrams, this analysis is consistent with a within-plate tectonic setting.
Furthermore, the Group IV rocks showed typical mildly alkaline series of REE patterns. The REE patterns for the cumulus gabbro had positive Eu anomalies, and were controlled by cumulative plagioclases. The chemical compositions of representative Group IV rocks were most comparable with Cretaceous basalt from the Karoo volcanic rocks, Mozambique 24 , which had been formed withinplate in south-eastern Africa (Fig. 8 ). This fact is consistent with results of previous tectonic discrimination diagrams in within-plate tectonic settings.
Furthermore, the Group V rocks typically had alkaline series REE patterns. The chemical compositions of representative Group V rocks were similar to Quaternary basalt from the Central Volcanic Zone in Southern Peru 25 , which had formed an active continental margin in the central Andes (Fig. 9 ). This analysis agrees with the results of previous tectonic discrimination diagrams, and the findings were based on the calc-alkali magma that occurred in the volcanic arc setting or on the active continental margin.
Chemically, the Group VI rocks were typical examples of tholeiitic series REE patterns. The chemical compositions of the Group VI rocks were most comparable to the Late Miocene Topaz-bearing rhyolite from the Chivinar volcano, NW Argentina 26 , which had been formed in an immature back-arc setting in the eastern Andes (Fig. 9 ). This fact does not agree with the results of previous tectonic discrimination diagrams, which had been not been in a back-arc basin setting. However, back-arc settings are most appropriate for Mid-Oceanic Ridge settings based on their chemical compositions and rate of occurrence.
The Group VII rocks typically showed mildly calc-alkaline series REE patterns 11 . The chemical compositions of Group VII rocks were very similar to Quaternary aphyric high-K andesite from the Ollagüe volcano region, Chile 27 which had been formed as an active continental margin in the cen- tral Andes (Fig. 9 ). This analysis is consistent with results from previous tectonic discrimination diagrams, and the findings are due to the presence of the calc-alkali magma that occurred in volcanic arc settings or on an active continental margin.
Chemically, the Group VIII rocks were typical of mildly calc-alkaline series REE patterns. The chemical compositions of Group VIII rocks were similar to the Miocene within-plate rhyolite from the Karoo volcanic rocks, Mozambique 24 which had been formed as a within-plate in south-eastern Africa (Fig. 9 ). This fact is in accordance with results of previous tectonic discrimination diagrams for the within-plate settings.
DISCUSSION OF TECTONIC IMPLICATIONS
Petrochemically, the volcanic and associated rocks studied could be separated into eight magmatic groups, from Group I to Group VIII. They derived from different magmatic affinities, from subalkalic to alkaline magma series, and had been formed in different tectonic settings 28 .
The landmass forming Thailand is generally believed to be the result of the collision between Shan-Thai and Indochina 1 . The major ocean basin that separated Shan-Thai from Indochina may be represented by the Chiang Rai-Chiang Mai volcanic belt, the Nan-Uttaradit volcanic belt or the Loei-Phetchabun-Nakhon Nayok volcanic belt. Many researchers have proposed the existence of a new terrane (Sukhothai terrane or Sukhothai Arc) between the Sibumasu and Indochina 4, 5 . The Chiang Khong-Lampang-Tak volcanic belt is part of the igneous rocks of this Sukhothai Terrane. A number of researchers believe that the volcanic rocks in this belt erupted in a subduction-related environment or continental arc environment 1, 29 . Later on, this volcanic belt was reported that formed in The northern and central parts of the Chiang Khong-Lampang-Tak volcanic belt have only reported and interpreted a tectonic model, except for the southern end that is complex due to a volcanic eruption period. For this study, the tectonic setting of the studied volcanic and associated rocks in the southern part of Chiang Khong-Lampang-Tak volcanic belt could be separated into an active continental margin (Groups V and VII), a back arc (Group VI), post-collision (Groups II and III) and continental rifting (Groups I, IV, and VIII).
However, missing age dating of the studied rocks has not reconstructed a tectonic model. The analogue comparisons suggested that the studied rocks have the same age as the Chiang Khong-Lampang-Tak volcanic belt. The Group III rocks were chemically comparable with microdiorite in the Chiang Khong area 30 . Their chondritenormalized REE patterns showed a relatively flat REE pattern from Sm to Yb, and were slightly LREE enriched (Fig. 10 ). This REE patterns were typical of a calc-alkaline series and showed a post-collision pattern like their modern analogue. The Group III rocks may have the same age as microdiorite and may have been erupted in the Middle-Late Triassic (223 ± 8 Ma) 30 . The Group VII rocks are quite similar to andesite in chemical composition in the Doi Yao volcanic zone, Chiang Khong area 37 . The chondrite-normalized REE patterns of Group VII rocks and their analogue showed a relatively flat REE pattern from Sm to Yb, and were slightly LREE enriched (Fig. 10) . These REE patterns were typical of a calc-alkaline series and showed a geochemical affinity to an arc pattern like their modern analogue. The microdiorite was analysed by Qian et al and were aged in 241.2 ± 4.6 Ma (early Middle Triassic) 37 ; they may be consistent with Group VII rocks.
Tectonically, Group V and Group VII rocks might have occurred in an active continental margin in 241.2 ± 4.6 Ma (early Middle Triassic) (Fig. 11a) . Contemporaneously, Group VI rocks may have erupted in a back-arc basin that might have started rifting for a short time after the Middle Triassic and before the Late Triassic period 28 . Group II and III rocks might have erupted in a post-collision setting in 223 ± 8 Ma (Late Triassic) ( Fig. 11b ). Group I, IV, and VIII rocks might have erupted in continental rifting in the Late Triassic to Early Jurassic (Fig. 11c ). This episode has been considered as the main tectonic event of the Indosinian orogeny stage that resulted from the Shan Thai (or Sibumasu) and Indochina collision in the Malaysian Peninsular and Sumatra 38 . The Indosinian orogeny is the primary cause of block faulting in the Sukhothai foldbelt 39 , and might have made a thin plate in this area with rifting magmatic activity.
CONCLUSIONS
The studied volcanic rocks were located in the southern part of the Chiang Khong-Lampang-Tak volcanic belt, which mainly lies in the Sukhothai Terrane of Thailand. Petrochemical data show that the Tak volcanic rocks consist of rhyolite, rhyodacite, andesite porphyry, and basalt. These rocks are also associated with tuff, gabbro, and cumulus gabbro. However, as suggested by their features, alterations, and chemical compositions, some volcanic and associated rocks might have occurred in conjunction with Triassic granitic rocks. These studied rocks can be divided into eight magmatic groups, Group I to Group VIII. These groups were derived from different magmatic affinities, subalkalic to alkaline magma series, and had been formed in different ages and tectonic settings.
1. Group V and Group VII rocks (andesite, basalt, and gabbro) erupted at an active continental margin in the early Middle Triassic period. At the same time, Group VI rocks (rhyolite and gabbro) formed in the back-arc basin.
2. Group II and Group III rocks (rhyolite and basalt) erupted at post-collision setting in the Late Triassic.
3. Group I, Group IV, and Group VIII rocks (rhyodacite, andesite, basalt, and gabbro) erupted at continental rifting in Late Triassic to Early Jurassic.
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